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Abstract
We study the shadows of disformal black holes in vector-tensor Galileons mod-
ified gravity. Our analysis shows that the apparent image of the black hole in the
observer’s sky is non-spherical and cuspy, which is in contrast to the Kerr and Kerr-
Newman cases. The non-trivial silhouette of the apparent image of the black hole
provides novel templates for the current astrophysical observations. Moreover, due
to the non-minimal coupling of the vector field to gravity the disformal black hole
supports regular horizons for spin parameter exceeding the ADM mass. Finally, the
shadows of the massless limit, supported only by the charge of the dark vector field,
are also studied. When relevant the results are compared with the Kerr black hole.
Keywords: Black hole shadows, disformal transformation, vector-tensor modified
gravity.
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1 Introduction
Black holes always present great challenges in modern physics. Studying the properties
of space-time and matter near the event horizon of a black hole is highly non-trivial task
theoretically and experimentally. From theoretical point of view, the existence of many
physically viable models of gravity with predictions deviating from Einstein’s General
Theory of Relativity (GR) poses the natural question which theory is realized in nature.
On the other hand, the extremely small size of the black holes and their relatively large
distance from us make them very hard to observe and study.
However, the hope is that the advancement of nowadays astrophysical and gravita-
tional wave observations will shed light into previously inaccessible properties of these
cosmic phenomena. Most promising experiments capable of such observations include the
Laser Interferometer Gravitational-Wave Observatory (LIGO) [1–5], from gravitational
waves perspective, and the Event Horizon Telescope (EHT) [6], from electromagnetic
perspective. It is expected that the data from EHT mission will be precise enough to
measure some intrinsic properties of the supermassive compact object at the center of our
galaxy. Most interesting observational feature of the black hole is the shadow it casts when
illuminated by some nearby sources of light. These observations will outline important
properties of space-time in strong gravitational regime and put to test any deviations from
the standard Kerr geometry. The first real images of a black hole shadow are expected to
arrive very soon. Therefore it is important to conduct thorough analytic and numerical
investigations on the apparent shape of different black hole configurations, thus providing
new shadow templates for the ongoing observations.
Many such examples already exist in the literature including the Kerr-Newmann fam-
ily of solutions of the Einstein-Maxwell equations [7–10]; the shadow of a black hole with
NUT-charges [11,12]; the black hole shadows in Einstein-Maxwell-dilaton gravity [13,14];
Chern-Simons modified gravity [15]; braneworld gravity [16, 17]; the apparent shape of
the Sen black hole [18–20]. More interesting examples of black hole shadows also include
colliding and multi- black holes [21,22]; rotating black holes in f(R) gravity [23]; confor-
mal Weyl gravity [24]; Einstein-dilaton-Gauss-Bonnet black holes [25]; higher-dimensional
black holes [26–28]; non-commutative geometry inspired black holes [29, 30]; Einstein-
Born-Infeld black holes [31]; Ayon-Beato-Garcia black hole [32]; rotating Hayward and
rotating Bardeen regular black holes [32]; hairy black holes [33, 34]; chaotic shadow of
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a non-Kerr rotating compact objects with quadrupole mass moment and a magnetic
dipole [35, 36]; and black holes with exotic matter [37–40]. Shadows of wormholes and
naked singularities have also been investigated in [41–43].
Recently an exact analytic rotating black hole solution with regular horizons was
obtained by F. Filippini and G. Tasinato in [44]. It is a solution in type vector-tensor
Galileons modified gravity [45–48] derived by a disformal transformation [49–52] on a
version of the Kerr-Newman solution of the Einstein-Maxwell theory of gravity. The
model is a modification of Einstein gravity with additional vector degrees of freedom,
which can be associated with dark matter or dark energy. Our main goal will be to
investigate the apparent shape of this new rotating black hole solution for specific subsets
in its parameter space.
This paper is organized as follows. In Section 2 we shortly discuss the disformal black
hole solution [44], its symmetries and its horizons. In Section 3 we choose the basis for
the local observer and parametrize the observer’s plane. We also discuss some common
features of the black hole shadow. In Section 4 we present our study on the shadow
silhouette cast by the rotating disformal solution derived in [44]. Finally, in Section 5 we
make a short summary of our results.
2 Rotating disformal black hole solution
2.1 General setup
The starting point is the Einstein-Maxwell type of action given by
SEM =
∫
d4x
√−g
(
R
4
− 1
4
Fµν F
µν
)
. (2.1)
One well-known solution to (2.1) is the Kerr-Newman solution in Boyer-Lindquist coor-
dinates (t, r, θ, ϕ):
ds2 =
(
dr2
∆
+ dθ2
)
Σ− (dt− a sin2θ dϕ)2 ∆
Σ
+
(
(r2 + a2) dϕ− a dt)2 sin2θ
Σ
(2.2)
with gauge field given by
Aµ =
(
−Qr
Σ
, 0, 0,
aQ r sin2θ
Σ
)
. (2.3)
To generate new solutions one can act on KN solution (2.2) with a disformal transforma-
tion [49–52] involving new vector fields and parametrized by a real constant β, namely
g˜µν(x) = gµν(x)− β2Aµ(x)Aν(x) . (2.4)
Here, the components of the vector field are considered to be gauge fields of some dark
force and should not be associated with the standard Maxwell U(1) gauge field. The
configuration obtained in [44] excites the radial component A(r) of the gauge field (2.3)
and after a suitable ansatz, namely A(r) = Qr/∆(r), results in the following rotating
black hole solution
ds2 =
(
Σ
∆ Σ− β2Q2 r2 dr
2 + dθ2
)
Σ− (dt− a sin2θ dϕ)2 ∆ Σ + β
2Q2 r2
Σ2
3
+
(
(r2 + a2) dϕ− a dt)2 sin2θ
Σ
, (2.5)
which is asymptotically flat and charged under the dark vector field1
Aµ =
(
−Qr
Σ
,
Q rΣ
∆ Σ− β2Q2 r2 , 0,
aQ r sin2θ
Σ
)
. (2.6)
One also has the ∆ and Σ functions given by
∆ = a2 + r2 − 2M r +Q2, Σ = r2 + a2 cos2θ . (2.7)
The new solution (2.5) satisfies the equations of motions of specific vector-tensor Galileons
type of theory with the following disformed action (up to total derivative):
Sdisf =
∫
d4x
√−g
4 γ0
(
R− β
2
4
γ20 (Sµν S
µν − S2)− 4− β
2
4
Fµν F
µν
+
β2 (β2 − 4)
2
γ20 Fµρ F
ρ
ν A
µAν
)
, (2.8)
where one has defined the following notations:
Fµν = ∇µAν −∇νAµ , Sµν = ∇µAν +∇νAµ, S = Sµν gµν . (2.9)
It contains non-minimal couplings of the vector field to gravity with strength controlled
by the values of the parameter β. Here, the disformal coupling β induces deviations from
the Kerr-Newman geometry and also affects the apparent image of the black hole. The
action (2.8) also contains derivative self-interactions of the form that usually appears in
Horndeski systems.
2.2 Horizons and symmetries
The event horizon is located at radial distance given by the roots of ∂µr ∂µr = grr = 0:
r4− 2M r3 + (a2 (1 + cos2θ)− qM2) r2− 2 a2M cos2θ r+ a2 cos2θ (a2 + q Q2M2
1− β2
)
= 0 ,
(2.10)
where the effective parameter
q =
Q2
M2
(β2 − 1) (2.11)
can be positive or negative, depending on the size of β. This is a fourth order in the
coordinate r algebraic equations. Depending on the sign of the discriminant, it can have
four, two or no real roots. One can also discern two regimes when β < 1 and β > 1, the
latter corresponding to strong non-minimal coupling between the vector field and gravity.
In the strong coupling regime, β > 1, the black hole spin parameter a can exceed M
and thus solution (2.5) is valid for arbitrary values of a. In this ultraspinning case the
disformed black hole can still maintain its horizons due to the non-minimal vector-tensor
interactions, which are able to contrast strong centrifugal forces. The price one has to pay
1The vector field profile (2.6) has three physical components turned on, against the two of the Kerr-
Newman configuration. The vector radial component is physical in this case and can not be gauged away
without simultaneously changing the metric.
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translates into deformations of the horizon shape, which seems to also have an imprint
on the contour of the shadow as shown in Section 4. On Figures 1 and 3 are portrayed
some level curves in the (r, θ) plane of the equation grr = 0 for a < M and a > M . We
have also constructed an actual 3D model of the horizons for the disformal black hole in
Boyer-Lindquist coordinates as depicted on Fig. 2. The shape of the horizons follow the
behaviour of the level curves from Fig. 1.
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(b) a = 2.0.
Figure 1: The dependence of the Cauchy horizon (lower curves) and the event horizon (upper
curves) on the angle θ for M = 1, Q = 0.4 and different black hole spins.
(a) a = 0.995. (b) a = 2.0.
Figure 2: An actual 3D model of the horizons of the disformal black hole sliced vertically
through the poles. Figure (a) on the left shows the surfaces, defining the inner Cauchy horizon
and the outer event horizon, for values of β corresponding to the level curves, shown in Fig. 1a.
Here, the a′ and a surfaces (red) correspond to the inner Cauchy horizon and the event horizon
respectively, for β = 1.2. The b′ and b surfaces (yellow) correspond to the inner and the outer
horizons for β = 1.6. The surfaces, labeled as c′ and c (green), depict the β = 2.6 case. Figure
(b) on the right shows the horizons for the values of β in the ultraspining case from Fig. 1b.
Here, the a′ and a surfaces (blue) correspond to the inner and the outer horizon for β = 6.0.
The b′ and b surfaces (orange) are for β = 7.0. Finally, the surfaces, labeled as c′ and c (grey),
correspond to the horizons for β = 7.5. From the illustrations above one can notice the oblate
shape of the event horizon. For large values of the disformal parameter β the shape of the event
horizon approaches spherical one in both cases.
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(b) a = 2.0.
Figure 3: The dependence of the Cauchy horizon (lower curves) and the event horizon (upper
curves) on the disformal parameter β for M = 1, Q = 0.4 and different black hole spins.
One notices that the radial position of the external event horizon rh depends on θ,
thus there is a difference in the radius of the horizon at the poles and at the equator. The
ratio between the radial size of the horizon at the poles versus the size of the horizon at
the equator quantifies the oblateness ω of the black hole:
ω = 1− r
pol
h
reqh
. (2.12)
The fact that the components of the metric does not depend on t and ϕ leads to the
existence of one time-like and one space-like Killing vector, namely Kt = ∂t and Kϕ =
∂ϕ. This implies two conserved charges, namely the energy, pt = −E, and the angular
momentum, pϕ = L, of the system. The hyper-surface, corresponding to K(t)µKµ(t) = 0,
defines the ergosphere. The equation for the ergosphere is also fourth order in r algebraic
equation. As pointed out in [44] the ergosphere always lies outside the outer event horizon.
3 Observers and impact parameters
3.1 Local observer
For an observer, the black hole shadow is its apparent image in the sky due to the
gravitational lensing of nearby radiation emitted by some external light sources [7]. We
choose to work in the observer basis given in [53].
Let (t, r, θ, ϕ) are the Boyer-Lindquist spherical-like coordinates. One can expand
the local observer basis (eˆ(t), eˆ(r), eˆ(θ), eˆ(ϕ)) in the coordinate vector basis (∂t, ∂r, ∂θ, ∂ϕ)
in the following way:
eˆ(t) = ζ ∂t + γ ∂ϕ , eˆ(r) = A
r ∂r , eˆ(θ) = A
θ ∂θ , eˆ(ϕ) = A
ϕ ∂ϕ . (3.1)
Note that the chosen decomposition is not unique, allowing for spatial rotations and
Lorentz boosts. This particular choice is connected to the ZAMO (zero angular momen-
tum observers) reference frame [54]. Using Minkowski normalization, eˆ(µ) · eˆ(ν) = ηµν , one
can find the coefficients in the decomposition (3.1):
Aθ =
1√
gθθ
, Ar =
1√
grr
, Aϕ =
1√
gϕϕ
, (3.2)
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and
γ = − gtϕ
gϕϕ
√
gϕϕ
g2tϕ − gtt gϕϕ
, ζ =
√
gϕϕ
g2tϕ − gtt gϕϕ
. (3.3)
The locally measured momenta of the photon can also be obtained:
p(t) = −eˆµ(t) pµ = E ζ − Lγ , p(r) = eˆµ(r) pµ =
pr√
grr
, (3.4)
and
p(θ) = eˆµ(θ) pµ =
pθ√
gθθ
, p(ϕ) = eˆµ(ϕ) pµ =
L√
gθθ
. (3.5)
3.2 Impact parameters
The projection of photons detected in an image plane corresponds to the optical per-
spective of an observer. The Cartesian coordinates (x, y) assigned to each photon in this
image plane are its impact parameters [55] and they are proportional to the respective
observation angles (αˆ, βˆ) [53]:
x ≡ −r˜ βˆ , y ≡ r˜ αˆ , (3.6)
where the perimetral radius r˜ is defined as r˜ = P/(2 pi) = √gϕϕ and computed at the
position of the observer. The angular coordinates (αˆ, βˆ) of a point in the observer’s plane
define the direction of the associated light ray and establishes its initial conditions. The
photon momenta can also be parametrized in terms of the observable angles (αˆ, βˆ) such
as
pθ =
√
gθθ sin αˆ , L =
√
gϕϕ sin βˆ cos αˆ , (3.7)
and
pr =
√
grr cos βˆ cos αˆ , E =
1 + γ
√
gϕϕ sin βˆ cos αˆ
ζ
. (3.8)
Having established the observer and the observer’s plane one can now proceed with the
numerical integration of the Hamilton equations for the null geodesics in the considered
rotating background (2.5), namely
x˙µ =
∂H
∂pµ
, p˙µ =
∂H
∂xµ
, (3.9)
where the Hamiltonian and the conserved momenta are given by
H =
1
2
gµν pµ pν = 0 , pt = −E , pϕ = L . (3.10)
The resulting shadow contours of the disformal black hole are shown in Section 4.
3.3 Common characteristics of the black hole shadow
Here we introduce some useful geometric features of a generic black hole shadow (Fig. 4).
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Figure 4: A graphical depiction of the contour of a black hole shadow in the (x, y) image plane
of the observer.
First of all, the center of the black hole is given by the point C, as shown on Figure 4.
Its abscissa is determined by xC = (xmax +xmin)/2, where xmin and xmax are respectively
the minimum and the maximum abscissa of the shadow’s edge. Since the points C and
O generally do not coincide, xC can be considered as a specific feature of the shadow.
Secondly, any generic point P on the shadow’s contour is at a distance r′ from C, which is
defined as the Euclidian distance r′ =
√
y2P + (xP − xC)2 on the observer’s plane. Given
the line element ds2 = dx2 + dy2, one can define further useful geometric features of the
apparent image, namely the perimeter P of the shadow, its average radius r¯sh and the
deviation from sphericity σr [25, 56,57]:
P ≡
∮
ds , r¯sh ≡ 1P
∮
r′ ds , σr =
(
1
P
∮ (
1− r
′
r¯sh
)2
ds
)1/2
. (3.11)
All these parameters are expressed in units of the ADM mass M . In some cases, it is
possible to compare the shadow parameters of the disformal solution (2.5) with those from
the Kerr black hole with the same mass M and spin a. Hence, one can also define the
relative deviations to the Kerr case in the following way:
δr¯sh =
r¯sh − r¯Kerr
r¯Kerr
, δσr =
σr − σKerr
σKerr
, δxC =
xC − xC Kerr
xC Kerr
. (3.12)
In Tables 1 and 2 are shown specific values, which capture the general features of the
considered disformal black hole shadow.
In what follows we will numerically analyze the shadow of the black hole given by
Eq. (2.5) for different subsets of the parameter space (M,Q, a, β). The existence of two
conserved quantities facilitate the numerical calculations, which are conducted on the
Wolfram Mathematica computer algebra system.
4 Black hole shadows of the disformal solution
The form of the solution (2.5) does not allow for separation of variables in the Hamilton-
Jacobi equation for the null geodesics. Therefore one is forced to study the contour of
the black hole shadow numerically. Our analysis shows that the apparent image of the
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Filippini-Tasinato disformal black hole solution (2.5) is non-spherical and cuspy. Such
cuspy silhouette of the shadow emerges in the space-time of hairy black hole [58] and
rotating non-Kerr black hole [59]. The recent investigation indicates that these novel
structure and patterns in the shadows are determined actually by the non-planar bound
photon orbits [58] and the invariant phase space structures [60] for the photon motion in
the given background space-times. These features depict a major qualitative difference
with respect to Kerr and Kerr-Newman solutions and give potentially new templates for
the current observations of black holes and other compact objects.
4.1 Shadows for 0 < β < 1 (weak non-minimal coupling regime)
-2 0 2 4 6
-4
-2
0
2
4
(a) θ0 = pi/2.
-2 0 2 4 6
-4
-2
0
2
4
(b) θ0 = pi/4.
Figure 5: Black hole shadows in the weak non-minimal coupling regime for M = 1, Q = 0.4,
a = 0.9. Here θ0 is the angle of inclination.
4.2 Shadows for β > 1, a < M (strong non-minimal coupling
regime)
-2 0 2 4 6
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0
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(a) θ0 = pi/2.
-2 -1 0 1 2 3 4
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-1
0
1
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(b) θ0 = pi/4.
Figure 6: Black hole shadows in the strong non-minimal coupling regime for M = 1, Q = 0.4,
a = 0.8.
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(b) θ0 = pi/4.
Figure 7: Black hole shadows in the strong non-minimal coupling regime for M = 1, Q = 0.4,
a = 0.995.
4.3 Shadows for β > 1, a > M (ultraspinning strong non-minimal
coupling regime)
-4 -2 0 2-4
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(b) θ0 = pi/4.
Figure 8: Black hole shadows in the ultraspinning strong non-minimal coupling regime for
M = 1, Q = 0.4, a = 2.0.
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Figure 9: Black hole shadows in the ultraspinning strong non-minimal coupling regime for
M = 1, Q = 0.4, a = 4.0.
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Figure 10: Black hole shadows in the ultraspinning strong non-minimal coupling regime for
M = 1, β = 6.0, a = 2.0.
4.4 Shadows for β > 1, M = 0 (massless strong non-minimal cou-
pling regime)
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Figure 11: Black hole shadows in the massless strong non-minimal coupling regime for M = 0,
Q = 0.4, a = 0.995.
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Figure 12: Black hole shadows in the ultraspinning massless strong non-minimal coupling
regime for M = 0, Q = 0.4, a = 2.0.
11
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
(a) θ0 = pi/6.
-3 -2 -1 0 1 2-3
-2
-1
0
1
2
(b) θ0 = 3pi/4.
Figure 13: Black hole shadows in the ultraspinning massless strong non-minimal coupling
regime for M = 0, Q = 0.4, a = 2.0.
5 Conclusion
The analysis of the horizon as function of the Boyer-Lindquist angle θ, depicted on Fig.
1, shows some interesting features. When considering the case a < M , one notices that
the outer horizon increases from the north pole to the black hole equator and decreases
symmetrically from the equator to the south pole. Meanwhile, the Cauchy horizon has
an opposite behaviour.
When considering the ultraspinning case, a > M , one notices that for some values of
the disformal parameter β there are values of θ for which the horizons don’t exist. There
are exactly two specific values of θ ∈ [0, pi], one in the northern hemisphere, and one in
the southern hemisphere, where the two horizons coincide and an extremal black hole
is formed. Each of these characteristics of the both horizons can be clearly seen in Fig.
2, where the three-dimensional shape of the horizons and their polar cross-sections are
shown.
On the equatorial plane, θ = pi/2, the Eq. (2.10) reduces to two quadratic equations,
namely, one trivial r2 = 0, and one non-trivial r2 − 2Mr + a2 + Q2(1 − β2) = 0 with
roots r± = M ±
√
M2 − a2 +Q2(1− β2). In this case the radius of the event horizon
is maximal, while the radius of the Cauchy horizon is minimal and is exactly zero when
a2 = Q2(1− β2) or β2 = 1− a2/Q2.
Now let us consider the dependence of the horizons on the non-minimal coupling β
at different angles θ (Fig. 3). The radius of the event horizon always increases, while
the radius of the Cauchy horizon always decreases, with the increasing of β. In this case
there exist one unique value for β for which the two horizons coincides. Below this value
no black hole exists. On Fig. 3 one observes again that the radius of the event horizon
monotonically increases from the north pole to the equator. Furthermore, from Table 1
and Table 2 one notes that the oblateness of the black hole gets smaller when β increases
until the outer horizon approaches a sphere for very large β.
The shadow of the black hole in the weak non-minimal coupling regime (Fig. 5) is
getting bigger with increasing β, but always stays within the silhouette of the Kerr black
hole shadow. It approaches the Kerr-Newman black hole shadow contour at β = 0 and
the Kerr black hole shadow at β = 1. Furthermore, the cuspy silhouette of the black hole
image is becoming more apparent when β approaches 1.
The shadow of the black hole in the case of a < M in the strong non-minimal coupling
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regime (Fig. 6) at first decreases with increasing β, but after some value of β the size of the
shadow begins to increase (Fig. 7), which can also be depicted from the values of the mean
radius r¯sh of the shadow and its perimeter P , given in Table 1. This is an interesting
phenomenon, because it was unexpected and we did not observe it in the weak non-
minimal coupling regime or the ultraspinning regime, where the shadow always increases
with increasing values of β. A possible explanation is due to the non-minimal coupling
of the dark vector field to gravity, the underlying mechanisms for which are unclear at
the moment. This phenomenon poses questions that can be answered by studying the
gravitational lensing effect in the strong deflection limit nearby the black hole photon
orbits. The expected results of such a survey can provide valuable information about the
space-time type around the compact object and will be reported soon in a future work.
Finally, one notices that the cuspy silhouette of the black hole shadow vanishes for β  1
and also for smaller values of the black hole angular momentum, which is supported by
the decreasing values of σr given in Table 1.
In the ultraspinning case (Fig. 8 and Fig. 9) the apparent image of the black hole in
the observer’s sky is highly deformed for all values of the angle of inclination θ0. The size
of the shadow increases with increasing β, but the cusps remain yet visible. Furthermore,
for even larger spin (Fig. 9) the shadow gets asymmetrically deformed with respect to
the horizontal abscissa of the observer’s plane.
In the massless case (Figs. 11-13) the size of the shadow starts from very small (within
the Kerr shadow) when β < 1 and increases beyond the size of the Kerr black hole shadow
for β  1. Also the shape of the shadow approaches spherical form when β  1, which
is confirmed by the values of σr parameter in Table 2, valid for the massless as well as the
massive case.
Finally, the increasing values of the charge Q, at fixed β, lead to smoother and larger
silhouettes of the black hole shadow, which are portrayed in Fig. 10.
In all considered cases one notices that the center of the black hole xC moves to the
left with respect to the center of the Kerr black hole for increasing values of β. This is
confirmed by the data given in Tables 1 and 2. Furthermore, the non-equatorial observer,
θ0 6= pi/2, will see the same shape of the black hole shadow, no matter it is positioned below
or above the equatorial plane, as long as it fulfils the observer condition θnorth0 +θsouth0 = pi.
An examples are shown in Fig. 12 (b) and Fig. 13 (b).
β r¯sh δr¯sh(%) r
pol
h r
eq
h ω(%) σr δσr(%) P xC δxC (%)
Kerr 7.2 0 1.10 1.10 0 0.213 0 31.0 2.4 0
1.6 6.8 -5.3 1.34 1.51 11.4 0.234 9.7 27.8 2.2 -8
2.6 5.9 -17.8 1.83 1.97 7.0 0.219 2.8 25.0 1.75 -27
3.6 4.9 -31.4 2.26 2.39 5.3 0.125 -41.1 21.7 0.85 -65
7.0 5.2 -27.2 3.67 3.77 2.6 0.019 -91.2 23.4 0 -100
10.0 6.2 -13.5 4.90 4.98 1.6 0.024 -88.6 27.9 -0.2 -108
Table 1: Black hole’s polar and equatorial radial sizes of the event horizon rpolh and r
eq
h , the
oblatness ω, as well as the shadow’s mean radius r¯sh, perimeter P, the black hole center abscissa
xC and equatorial relative shadow deviations from Kerr for fixed parameters: M = 1, θ0 = pi/2,
a = 0.995.
13
β r¯sh r
pol
h r
eq
h ω(%) σr P xC
8.0 4.9 2.97 3.66 18.8 0.076 21.6 -0.40
10.0 5.7 4.13 4.58 9.9 0.065 25.7 -0.50
12.0 6.5 5.10 5.46 6.6 0.064 29.3 -0.60
15.0 7.8 6.45 6.73 4.2 0.059 34.8 -0.65
18.0 9.0 7.74 7.98 3.0 0.056 40.1 -0.75
Table 2: Black hole’s polar and equatorial radial sizes of the event horizon rpolh and r
eq
h , the
oblatness ω, as well as the shadow’s mean radius r¯sh, its perimeter P and the black hole center
abscissa xC for fixed parameters: M = 1, θ0 = pi/2, a = 2.0.
Acknowledgements
The authors would like to thank D. Doneva, P. Nedkova, K. Staykov, B. Lazov and S.
Mladenov for their insightful comments. This work was partially supported by the Bulgar-
ian NSF grant№ DM18/1 and Sofia University Research Fund under Grant№ 3258/2017.
The support by the COST Actions CA15117 and CA16104 is also gratefully acknowledged.
References
[1] Virgo, LIGO Scientific Collaboration, B. P. Abbott et al., “Observation of
Gravitational Waves from a Binary Black Hole Merger,” Phys. Rev. Lett. 116 no. 6,
(2016) 061102, arXiv:1602.03837 [gr-qc].
[2] Virgo, LIGO Scientific Collaboration, B. P. Abbott et al., “Gw151226:
Observation of gravitational waves from a 22-solar-mass binary black hole
coalescence,” Phys. Rev. Lett. 116 (Jun, 2016) 241103.
https://link.aps.org/doi/10.1103/PhysRevLett.116.241103.
[3] Virgo, LIGO Scientific Collaboration, B. P. Abbott et al., “Gw170104:
Observation of a 50-solar-mass binary black hole coalescence at redshift 0.2,” Phys.
Rev. Lett. 118 (Jun, 2017) 221101.
https://link.aps.org/doi/10.1103/PhysRevLett.118.221101.
[4] Virgo, LIGO Scientific Collaboration, B. P. Abbott et al., “Gw170814: A
three-detector observation of gravitational waves from a binary black hole
coalescence,” Phys. Rev. Lett. 119 (Oct, 2017) 141101.
https://link.aps.org/doi/10.1103/PhysRevLett.119.141101.
[5] Virgo, LIGO Scientific Collaboration, B. P. Abbott et al., “GW170608:
Observation of a 19-solar-mass Binary Black Hole Coalescence,” Astrophys. J. 851
no. 2, (2017) L35, arXiv:1711.05578 [astro-ph.HE].
[6] S. Doeleman et al., “Event-horizon-scale structure in the supermassive black hole
candidate at the Galactic Centre,” Nature 455 (2008) 78, arXiv:0809.2442
[astro-ph].
14
[7] J. M. Bardeen, “Timelike and null geodesics in the Kerr metric,” in Proceedings,
Ecole d’Eté de Physique Théorique: Les Astres Occlus: Les Houches, France,
August, 1972, pp. 215–240. 1973.
[8] S. Chandrasekhar, The Mathematical Theory of Black Holes. International series of
monographs on physics. Oxford University Press, 1992.
[9] R. Takahashi, “Shapes and positions of black hole shadows in accretion disks and
spin parameters of black holes,” J. Korean Phys. Soc. 45 (2004) S1808–S1812,
arXiv:astro-ph/0405099 [astro-ph]. [Astrophys. J.611,996(2004)].
[10] K. Hioki and K.-i. Maeda, “Measurement of the kerr spin parameter by observation
of a compact object’s shadow,” Phys. Rev. D 80 (Jul, 2009) 024042.
https://link.aps.org/doi/10.1103/PhysRevD.80.024042.
[11] C. Chakraborty, “Inner-most stable circular orbits in extremal and non-extremal
Kerr-Taub-NUT spacetimes,” Eur. Phys. J. C74 no. 99, (2014) 2759,
arXiv:1307.4698 [gr-qc].
[12] A. Grenzebach, V. Perlick, and C. Lämmerzahl, “Photon Regions and Shadows of
Kerr-Newman-NUT Black Holes with a Cosmological Constant,” Phys. Rev. D89
no. 12, (2014) 124004, arXiv:1403.5234 [gr-qc].
[13] L. Amarilla and E. F. Eiroa, “Shadow of a kaluza-klein rotating dilaton black hole,”
Phys. Rev. D 87 (Feb, 2013) 044057.
https://link.aps.org/doi/10.1103/PhysRevD.87.044057.
[14] S.-W. Wei and Y.-X. Liu, “Observing the shadow of
Einstein-Maxwell-Dilaton-Axion black hole,” JCAP 1311 (2013) 063,
arXiv:1311.4251 [gr-qc].
[15] L. Amarilla, E. F. Eiroa, and G. Giribet, “Null geodesics and shadow of a rotating
black hole in extended chern-simons modified gravity,” Phys. Rev. D 81 (Jun, 2010)
124045. https://link.aps.org/doi/10.1103/PhysRevD.81.124045.
[16] L. Amarilla and E. F. Eiroa, “Shadow of a rotating braneworld black hole,” Phys.
Rev. D 85 (Mar, 2012) 064019.
https://link.aps.org/doi/10.1103/PhysRevD.85.064019.
[17] E. F. Eiroa and C. M. Sendra, “Shadow cast by rotating braneworld black holes
with a cosmological constant,” arXiv:1711.08380 [gr-qc].
[18] K. Hioki and U. Miyamoto, “Hidden symmetries, null geodesics, and photon
capture in the sen black hole,” Phys. Rev. D 78 (Aug, 2008) 044007.
https://link.aps.org/doi/10.1103/PhysRevD.78.044007.
[19] S. Dastan, R. Saffari, and S. Soroushfar, “Shadow of a Kerr-Sen dilaton-axion Black
Hole,” arXiv:1610.09477 [gr-qc].
[20] Z. Younsi, A. Zhidenko, L. Rezzolla, R. Konoplya, and Y. Mizuno, “New method
for shadow calculations: Application to parametrized axisymmetric black holes,”
Phys. Rev. D94 no. 8, (2016) 084025, arXiv:1607.05767 [gr-qc].
15
[21] D. Nitta, T. Chiba, and N. Sugiyama, “Shadows of Colliding Black Holes,” Phys.
Rev. D84 (2011) 063008, arXiv:1106.2425 [gr-qc].
[22] A. Yumoto, D. Nitta, T. Chiba, and N. Sugiyama, “Shadows of Multi-Black Holes:
Analytic Exploration,” Phys. Rev. D86 (2012) 103001, arXiv:1208.0635 [gr-qc].
[23] S. Dastan, R. Saffari, and S. Soroushfar, “Shadow of a Charged Rotating Black
Hole in f(R) Gravity,” arXiv:1606.06994 [gr-qc].
[24] J. R. Mureika and G. U. Varieschi, “Black hole shadows in fourth-order conformal
weyl gravity,” Canadian Journal of Physics 95 no. 12, (2017) 1299–1306.
https://doi.org/10.1139/cjp-2017-0241.
[25] P. V. P. Cunha, C. A. R. Herdeiro, B. Kleihaus, J. Kunz, and E. Radu, “Shadows of
Einstein–dilaton–Gauss–Bonnet black holes,” Phys. Lett. B768 (2017) 373–379,
arXiv:1701.00079 [gr-qc].
[26] U. Papnoi, F. Atamurotov, S. G. Ghosh, and B. Ahmedov, “Shadow of
five-dimensional rotating Myers-Perry black hole,” Phys. Rev. D90 no. 2, (2014)
024073, arXiv:1407.0834 [gr-qc].
[27] B. P. Singh and S. G. Ghosh, “Shadow of Schwarzschild-Tangherlini black holes,”
arXiv:1707.07125 [gr-qc].
[28] M. Amir, B. P. Singh, and S. G. Ghosh, “Shadows of rotating five-dimensional
EMCS black holes,” arXiv:1707.09521 [gr-qc].
[29] S.-W. Wei, P. Cheng, Y. Zhong, and X.-N. Zhou, “Shadow of noncommutative
geometry inspired black hole,” JCAP 1508 no. 08, (2015) 004, arXiv:1501.06298
[gr-qc].
[30] M. Sharif and S. Iftikhar, “Shadow of a Charged Rotating Non-Commutative Black
Hole,” Eur. Phys. J. C76 no. 11, (2016) 630, arXiv:1611.00611 [gr-qc].
[31] F. Atamurotov, S. G. Ghosh, and B. Ahmedov, “Horizon structure of rotating
Einstein–Born–Infeld black holes and shadow,” Eur. Phys. J. C76 no. 5, (2016)
273, arXiv:1506.03690 [gr-qc].
[32] A. Abdujabbarov, M. Amir, B. Ahmedov, and S. G. Ghosh, “Shadow of rotating
regular black holes,” Phys. Rev. D93 no. 10, (2016) 104004, arXiv:1604.03809
[gr-qc].
[33] P. V. P. Cunha, C. A. R. Herdeiro, E. Radu, and H. F. Runarsson, “Shadows of
Kerr black holes with scalar hair,” Phys. Rev. Lett. 115 no. 21, (2015) 211102,
arXiv:1509.00021 [gr-qc].
[34] P. V. P. Cunha, J. Grover, C. Herdeiro, E. Radu, H. Runarsson, and A. Wittig,
“Chaotic lensing around boson stars and Kerr black holes with scalar hair,” Phys.
Rev. D94 no. 10, (2016) 104023, arXiv:1609.01340 [gr-qc].
[35] M. Wang, S. Chen, and J. Jing, “Chaotic shadow of a non-Kerr rotating compact
object with quadrupole mass moment,” arXiv:1801.02118 [gr-qc].
16
[36] M. Wang, S. Chen, and J. Jing, “Shadows of a compact object with magnetic dipole
by chaotic lensing,” arXiv:1710.07172 [gr-qc].
[37] V. K. Tinchev, “The Shadow of Generalized Kerr Black Holes with Exotic Matter,”
Chin. J. Phys. 53 (2015) 110113, arXiv:1512.09164 [gr-qc].
[38] A. Abdujabbarov, B. Toshmatov, Z. Stuchlík, and B. Ahmedov, “Shadow of the
rotating black hole with quintessential energy in the presence of plasma,” Int. J.
Mod. Phys. D26 no. 06, (2016) 1750051, arXiv:1512.05206 [gr-qc].
[39] B. P. Singh, “Rotating charge black holes shadow in quintessence,”
arXiv:1711.02898 [gr-qc].
[40] Y. Huang, S. Chen, and J. Jing, “Double shadow of a regular phantom black hole as
photons couple to the Weyl tensor,” Eur. Phys. J. C76 no. 11, (2016) 594,
arXiv:1606.04634 [gr-qc].
[41] P. G. Nedkova, V. K. Tinchev, and S. S. Yazadjiev, “Shadow of a rotating
traversable wormhole,” Phys. Rev. D88 no. 12, (2013) 124019, arXiv:1307.7647
[gr-qc].
[42] T. Ohgami and N. Sakai, “Wormhole shadows,” Phys. Rev. D91 no. 12, (2015)
124020, arXiv:1704.07065 [gr-qc].
[43] N. Ortiz, O. Sarbach, and T. Zannias, “Shadow of a naked singularity,” Phys. Rev.
D92 no. 4, (2015) 044035, arXiv:1505.07017 [gr-qc].
[44] F. Filippini and G. Tasinato, “An exact solution for a rotating black hole in
modified gravity,” Journal of Cosmology and Astroparticle Physics 2018 no. 01,
(2018) 033. http://stacks.iop.org/1475-7516/2018/i=01/a=033.
[45] L. Heisenberg, “Generalization of the Proca Action,” JCAP 1405 (2014) 015,
arXiv:1402.7026 [hep-th].
[46] J. Beltran Jimenez and L. Heisenberg, “Derivative self-interactions for a massive
vector field,” Phys. Lett. B757 (2016) 405–411, arXiv:1602.03410 [hep-th].
[47] L. Heisenberg, R. Kase, M. Minamitsuji, and S. Tsujikawa, “Hairy black-hole
solutions in generalized Proca theories,” Phys. Rev. D96 no. 8, (2017) 084049,
arXiv:1705.09662 [gr-qc].
[48] L. Heisenberg, R. Kase, M. Minamitsuji, and S. Tsujikawa, “Black holes in
vector-tensor theories,” JCAP 1708 no. 08, (2017) 024, arXiv:1706.05115
[gr-qc].
[49] J. D. Bekenstein, “The Relation between physical and gravitational geometry,”
Phys. Rev. D48 (1993) 3641–3647, arXiv:gr-qc/9211017 [gr-qc].
[50] D. Bettoni and S. Liberati, “Disformal invariance of second order scalar-tensor
theories: Framing the Horndeski action,” Phys. Rev. D88 (2013) 084020,
arXiv:1306.6724 [gr-qc].
17
[51] M. Zumalacárregui and J. García-Bellido, “Transforming gravity: from derivative
couplings to matter to second-order scalar-tensor theories beyond the Horndeski
Lagrangian,” Phys. Rev. D89 (2014) 064046, arXiv:1308.4685 [gr-qc].
[52] R. Kimura, A. Naruko, and D. Yoshida, “Extended vector-tensor theories,” JCAP
1701 no. 01, (2017) 002, arXiv:1608.07066 [gr-qc].
[53] P. V. P. Cunha, C. A. R. Herdeiro, E. Radu, and H. F. Rúnarsson, “Shadows of
Kerr black holes with and without scalar hair,” International Journal of Modern
Physics D 25 (June, 2016) 1641021, arXiv:1605.08293 [gr-qc].
[54] V. P. Frolov and I. D. Novikov, eds., Black hole physics: Basic concepts and new
developments. 1998.
[55] T. Johannsen and D. Psaltis, “Testing the no-hair theorem with observations in the
electromagnetic spectrum. iv. relativistically broadened iron lines,” The
Astrophysical Journal 773 no. 1, (2013) 57.
http://stacks.iop.org/0004-637X/773/i=1/a=57.
[56] A. A. Abdujabbarov, L. Rezzolla, and B. J. Ahmedov, “A coordinate-independent
characterization of a black hole shadow,” Mon. Not. Roy. Astron. Soc. 454 no. 3,
(2015) 2423–2435, arXiv:1503.09054 [gr-qc].
[57] A. Grenzebach, The Shadow of Black Holes: An Analytic Description.
SpringerBriefs in Physics. Springer International Publishing, 2016.
[58] P. V. P. Cunha, C. A. R. Herdeiro, and E. Radu, “Fundamental photon orbits:
Black hole shadows and spacetime instabilities,” Phys. Rev. D 96 (Jul, 2017)
024039. https://link.aps.org/doi/10.1103/PhysRevD.96.024039.
[59] M. Wang, S. Chen, and J. Jing, “Shadow casted by a konoplya-zhidenko rotating
non-kerr black hole,” Journal of Cosmology and Astroparticle Physics 2017 no. 10,
(2017) 051. http://stacks.iop.org/1475-7516/2017/i=10/a=051.
[60] J. Grover and A. Wittig, “Black hole shadows and invariant phase space
structures,” Phys. Rev. D 96 (Jul, 2017) 024045.
https://link.aps.org/doi/10.1103/PhysRevD.96.024045.
18
